An ultra-sensitive colorimetric method to quantitate hundreds of polynucleotide molecules by gold nanoparticles with silver enhancement has been developed. The hybridization products from the target polynucleotides with biotin-labeled probes and gold nanoparticle-functioned oligonucleotides were immobilized to microplates via avidin-biotin system, and the absorbance signals of gold nanoparticles were amplified by silver enhance solution. This sandwich colorimetric assay can detect as few as 600 molecules for single-strand oligonucleotides and as few as 6000 molecules for double-strand polynucleotides in a 50 μL reaction system.
Introduction
The known human diseases usually have some relationship with the patient's genes, including infectious or hereditary diseases and tumors. In a sense, the detection of polynucleotide has occupied an influential position in both prevention and treatment of diseases. However, it is very difficult to quantify hundreds of molecules of polynucleotides unless one gets assistance from the real-time PCR (polymerase chain reaction). But there are certain disadvantages in real-time PCR, such as being prone to pollution, the high cost of related instruments, the complicated design of primer and fluorescence probes etc. 1, 2 Such problems have unavoidably limited the application of RT-PCR as a routine polynucleotide detection method. With the development of nanotechnology, some new DNA detection systems have been established based on gold nanoparticlefunctioned oligonucleotides and their size-dependent scattering, catalytic and absorption properties. [3] [4] [5] [6] [7] [8] [9] These systems rely on the molecular recognition abilities of the single-strand oligonucleotide probes that hybridize with their complementary sequences. The oligonucleotide probes contain covalent linked gold nanoparticles, which exhibit colorimetric signals that change in different conditions. In the presence of the complementary target, the gold nanoparticle-functioned probes dispersed in the solution would hybridize with them and then aggregate into a polymeric network. The color of the gold nanoparticles solution then would change from red to blue when the aggregation process occurs. 10, 11 In these assays mentioned above, oligonucleotide probes modified by gold nanoparticles hybridize with target sequences to form into aggregated polymeric network; the color of the solution would change. It would facilitate the observation of this change by silver stain or spotting 1 -3 μL solution onto the C18 thin-layer chromatography (TLC) plate. 12 The documented detection limit that Mirkin et al. have developed for this singlestrand polynucleotide sequence is 50 fM. 6 However, there still is no method that is simple enough and sensitive enough to quantify hundreds of polynucleotide molecules. As we know, the prior works put more emphasis on the polynucleotide detection rather than the quantification. Significantly, there is a good linear relationship between the concentration of target polynucleotides and the absorbance value of the gold nanoparticle-functioned probes with silver enhancement. The work we present here aims to develop a colorimetric polynucleotide quantification method with high sensitivity and selectivity on microplates via optimizing the hybridization condition and using an avidin-biotin system (Fig. 1) . The target sequences were hybridized with the biotin-labeled oligonucleotide and gold nanoparticle-functioned oligonucleotides in advance. Then the hybridization products were transferred to the avidin-coated microplates.
All hybridization experiments were performed in homogenous hybridization buffer.
The hybridization products were immobilized onto the microplates via the avidin-biotin system, which was the so-called sandwich assay format. After silver enhancement, the amplified signals of hybridization were recorded with absorbance by a microplate reader.
Experimental

Reagents
Oligonucleotides modified with thiol group and biotin were purchased from Invitragon Biotechnical, Shanghai and used without further purification. Gold nanoparticles with diameters of 15 nm and super-low noise avidin were purchased from SinoAmerican Biotechnology, Company (SABC). Enzyme immunoassay plates (microplates, Corning Star) were purchased from Genetimes Techonolgy, Inc. AgNO3, citric acid, trisodium citrate and hydroquinone were purchased from ShengGong, ShangHai, China.
Seq 1: 5′-Bio-gcagtTCCAGGCTCTTCTCA-3′ (capturing probe) Seq 2: 5′-TGCCCCGGAGTTGCGTGAGAAGAGCCTGGA-3′
(target sequence) Seq 3: 5′-CGCAACTCCGGGGCA-(CH2)6-SH-3′
(gold nanoparticle probe) Seq 4: 5′-TCCAGGCTCTTCTCACGCAACTCCGGGGCA-3′
(control sequence)
Preparation of gold nanoparticle-functioned oligonucleotides
The gold nanoparticle-functioned oligonucleotides were prepared by a method similar to that developed by Mirkin et al. and modified by Zhang et al. 13 Then 300 pM of thiol-modified oligonucleotide (Seq 3) in 50 μL TE buffer (pH 7.4) was added to the precipitated gold nanoparticles. The mixture was stored at 4˚C for 12 h, followed by addition of another 50 μL of TE buffer (pH 7.4) containing 0.2 M NaCl, and storage at 4˚C for another 24 h. The nanoparticle-modified oligonucleotide probes were purified by centrifuging at 4˚C, 14000 rpm for 10 min, then the probes were washed with ultrapure water and the precipitate was recovered twice again to eliminate free oligonucleotides. Finally, the gold nanoparticle-functioned oligonucleotides were dissolved in 100 μL TE buffer (pH 7.4) containing 0.1 M NaCl.
Surface treatment of the microplates
The avidin was immobilized to the surface of microplates before it reacted with biotin. Take 8 μL avidin (1 mg/mL, working dilution 1:100) and dilute it into a tube containing 792 μL carbonate buffer (pH 9.6), then transfer 100 μL avidin solutions to each well of the microplate. The microplates coated with avidin were incubated at 4˚C overnight and then washed with 1 × PBS, thus they were prepared for the following experiments.
Quantification of single-strand polynucleotides
Ten microliters of target oligonucleotides with various concentrations (5′-TGCCCCGGAGTTGCGTGAGAAGAGCC-TGGA-3′) were mixed with 10 μL of capture probes (5′-BiogcagtTCCAGGCTCTTCTCA-3′) solution (10 nM) and 20 μL 2 × hybridization buffer (0.6 M NaCl, 0.02% SDS, 20 mM Na2HPO4/NaH2PO4, pH 7.8) at room temperature. After 10 min, 5 μL of gold nanoparticle-functioned probes solution (8 nM) was added to the assay solution. After standing another 10 min, the solution was taken up and transferred into the avidin coated microplates. After incubation at 37˚C for 30 min, the microplates were washed with 1 × PBS solution for 5 min and then with 2 × PBN (0.3 M NaNO3 and 10 mM Na2HPO4/NaH2PO4 buffer, pH 7.0) twice for 5 min and each shaken at intervals. At last, the microplates were treated with 100 μL silver enhance solution at room temperature.
Quantification of double-strand polynucleotides
Ten microliters of the double-strand polynucleotides (the sequence was the same as single-strand target oligonucleotide) were firstly heated to 95˚C for 3 min. Then the entire solution was immediately frozen in an dry ice/isopropanol bath for 3 min, this solution were introduced 10 μL biotin-labeled probes (Seq 1, 100 nM) solution, 10 μL nanoparticle-functioned probes (Seq 3) solution and 20 μL 2 × hybridization buffer, then the mixture was thawed at room temperature for 20 min. The subsequent procedure was described above.
The procedure of silver enhancement
To facilitate visualization of the gold nanoparticles fixed to the surface of the microplates via avidin-biotin interaction, we used a signal amplification method in which silver ions were reduced by hydroquinone to silver metal particles at the surface of the gold nanoparticles. The procedure of silver enhancement can be described as follows: After incubation at 37˚C for 30 min, the microplates were washed by 1 × PBS solution for 5 min, and then twice with 2 × PBN for 5 min. After the microplates were washed with ultra pure water, 100 μL of silver enhanced solution (solution of 0.5 g AgNO3/2 mL H2O, 1.7 g hydroquinone/30 mL H2O and 2.55 g citric acid/2.35 g trisodium citrate/10 mL H2O mixed simultaneously) was introduced into the wells of the microplate at room temperature. The enhancing time is different according to different concentrations of the target polynucleotides.
When the concentration of the target is higher, the enhancing time for attaining the same degree of silver gray scale is shorter. In general, the enhancing time is 1 -4 min. With the amplification by silver enhancing solution, the hybridization signals were recorded with colorimetric absorbance.
Although the enhancer can mostly be used in daylight, we recommend covering the microplate or working under the red safe light condition since this delays self-nucleation of silver ions. Upon reaching the enhancing time, the reaction is stopped by transferring the microplates to bi-distilled water for rinsing.
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Results
Quantification of single-strand polynucleotides
The quantification of single-strand polynucleotides is straightforward and rapid. In a typical experiment, when the silver ions were introduced to enhance visualization of the gold nanoparticle signals, they can amplify the signals highly. This enables nanoparticles with very low level to be observed visually. In our colorimetric polynucleotides quantification system, the single-strand polynucleotides can be quantified as low as 100 aM.
In the process of silver enhancement, we observed that, as time went on, the gray scale of silver enhance solution would persistently increase. What is more important, the gold nanoparticles anchored through hybridization to the microplates 1368 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22
can significantly accelerate the polymerization process of silver particles. That is to say, the gold-labeled silver enhancement colorimetric absorbance was produced in a dose-and timedependent manner (Fig. 2) . At a controlled time, the gray scales of silver enhancement have a positive correlation with the high density of surface-hybridized nanoparticles corresponding to various gradients of target sequence (Seq 2) in the final hybridization system. Taking such results into consideration, we choose an optimal time through multiple experiments to terminate the silver enhancing reaction, and we have obtained an excellent correlation between the gray scales of silver enhancement and the concentrations of target sequences by microplate reader (Fig. 3A) .
Quantification of double-strand polynucleotides
Our colorimetric DNA quantification method relies on the selective hybridization of a single-strand target. Therefore, in order to quantitate double-strand polynucleotides, the polynucleotide sequences must be denatured prior to reaction with the probes. Because the probes that hybridize to the single-strand sequence must compete with their primarily complement ones, we employed excess gold nanoparticle probes and biotin-labeled probes so that hybridization of the probes to the target can be favored over the primarily complement ones. Furthermore, our binding and washing system has the ability to significantly reduce the background signal.
In the experiment, the double-strand polynucleotides (Seq 2:Seq 4) (10 μL, various concentrations) were first heated to 95˚C for 3 min. Then the entire solution was immediately frozen in a dry ice/isopropanol bath for 3 min. Then we introduced 10 μL of biotin (Seq 1)-labeled probe solution (100 nM), 10 μL of oligonucleotide (Seq 3)-modified 15 nm gold nanoparticle probe solution and 20 μL 2 × hybridization buffer. Next we thawed the mixture at room temperature for 20 min. Then the subsequent procedure was just as described above. Currently, the lowest quantification limit for the double-strand polynucleotides is 10 fM (Fig. 3B) .
A series of experiments were performed to verify that the observed signal enhancement of the microplate was due to the selective hybridization of the target sequence. As expected, the signal change of the negative control in the absence of target Seq 2 or in the presence of Seq 4, which is non-complementary with probes, can be significantly discriminated from the positive one under the same hybridization condition, confirming that the color change is the result of a specific hybridization event. Therefore, the gold nanoparticles and biotin-labeled probes do not bind nonspecifically to each other in solution.
Discussion
In our colorimetric method to quantitate polynucleotides by gold nanoparticles with silver enhancement, we hybridized the 1369 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 Fig. 2 The time-absorbance relationship of various concentrations of target oligonucleotides in silver enhancement. target polynucleotide sequences with the biotin-labeled oligonucleotide and the gold nanoparticle-functioned oligonucleotides before these probes were immobilized to the microplates.
Such steps enabled us to optimize the hybridization condition and to increase the detection sensitivity. Compared with other methods during which the probes were fabricated on the surfaces of float glass microscope slides or polypropylene slices before hybridization with the target polynucleotides and nanoparticle-functioned oligonucleotides, our method is more sensitive with a lower detection limit. 6, 7 The gold-labeled silver enhanced assay has provided a simple access to an efficient amplification of signal detection, but what we should attach importance to is that the silver self-nucleation, which presents a certain background, will disturb us in observing the nanoparticle-functioned silver polymerization. Only when amplification occurs in the exponential phase, can we obtain an excellent gradient correlation among the absorbance values with various concentrations of target sequence. If the silver enhance time were longer than 5 min, the silver stain would be too strong to be read off on account of the targets entering an undistinguishable plateau phase.
To eliminate this deficiency, we chose the exponential phase as the detection phase that establishes a clear correlation between the gold label silver stain and the concentrations of target sequence.
Conclusion
We have developed a simple colorimetric quantification method based on gold nanoparticles/avidin-biotin system. In our procedure, the gold nanoparticle-functioned probes and biotinlabeled oligonucleotide probes are complementarily linked together by the single-strand target polynucleotides, generating certain double-strand polynucleotides with 5′-biotin and 3′-gold nanoparticles.
When transferred into the avidin coated microplates, the hybridization products with 5′-biotin can be fixed to the surface of microplates via avidin-biotin interaction, while the excess/non-hybridized gold nanoparticles can then be washed out to ensure the accuracy of later quantifications.
When silver enhancement solution was introduced, the signals of the gold nanoparticles fixed to the surface of the microplates can be enhanced as much as 10 5 . It enables the very low surface coverage of gold nanoparticle probes to be visualized by one's naked eye. Furthermore, it permitted the quantification of target sequence on the basis of the imaged grayscale of the darkened area by a microplate reader, while in the absence of target or in the presence of non-complementary sequence, the darkened area of the surface can be significantly discriminated from that with certain concentration of target at the same silver enhance time. These results indicated that neither nonspecific binding of nanoparticles to the surface nor nonspecific hybridization on bare glass occurs.
This nanoparticle-labeled detection method is sensitive (100 aM for single-strand target, 10 fM for double-strand target), rapid (50 min to complete a detection), straightforward, and inexpensive (no requirement for special equipment). Compared with radioactive and fluorescein-labeled probes, nanoparticles are innoxious and have more stability. It is an effective method for polynucleotide quantitation without the need for target amplification schemes such as the polymerase chain reaction. And the dominated advantage of this method is that it can even accomplish semi-quantitative detection only by one's naked eye. So it is practical for this method to be widely spread and implemented in preliminary screenings of biological or environmental samples that contains microamounts of pathogen DNA.
It is expected that the utilization of nanoparticle-functioned oligonucleotides as biomarkers in place of radioactive or fluorescein-labeled markers to detect trace amounts of polynucleotides will significantly trigger advances in related fields, such as clinical or scientific research on infectious pathogen or hereditary disease.
